Objective: The objective of this prospective, observational study was to test the hypothesis that tissue oxygenation in the splanchnic bed compared with tissue oxygenation in the cerebral circulation changes after feeding in preterm neonates who are tolerating full bolus orogastric feeds.
Introduction
Doppler ultrasonography is the method currently used for the clinical assessment of velocity of superior mesenteric artery blood flow. [1] [2] [3] [4] [5] Several reports have shown that enteral feeding induces a significant and progressive increase in blood flow velocity in the superior mesenteric artery that peaks 45-60 min after the meal. [6] [7] [8] [9] [10] [11] [12] The effect of feeding increases with the volume of milk and the interval between feedings. The increase in velocity peaks earlier after breast milk than after formula feeding. 13 The possible association between the increase in blood flow velocity and change in tissue oxygenation is expected. Greater understanding of the rate of oxygen delivery and uptake in sick preterm and term infants undergoing intensive care is an important aim of neonatal medicine. Near-infrared spectroscopy (NIRS) is a continuous, noninvasive and portable technique, which can be used to measure oxygenation in living tissue. This noninvasive method for assessing tissue oxygenation has had limited use in infants. NIRS has been used to monitor oxygenation of the brain in neonates by measuring the ratio of oxygenated to deoxygenated hemoglobin (termed 'tissue oxygenation index', TOI). 14 Regional tissue oxygenation of other vascular beds is also being studied in tissues such as the splanchnic area, 15, 16 renal tissues 17 and as a screening tool for the diagnosis of patent ductus arteriosus in extremely low birth weight neonates. 18 NIRS has been reported to be useful in detecting changes in splanchnic oxygen delivery during apneic episodes 15 and in predicting splanchnic ischemia in neonates by measuring a ratio of splanchnic to cerebral TOI, cerebro-splanchnic oxygenation ratio (CSOR). 16 Splanchnic oxygenation was compared with brain oxygenation as a reference, because under most physiological conditions cerebral blood flow autoregulation minimizes changes in brain oxygenation during events affecting splanchnic circulation. 19 NIRS has also been utilized to measure known physiologic changes in tissue oxygenation of the liver in newborn infants during and after feeding via a nasogastric tube. 20 As reliable data are not available on splanchnic oxygenation changes after feeding, this study was designed to test the hypothesis that splanchnic oxygenation increases relatively to brain oxygenation after bolus feeds in growing preterm infants. We expected to see a postprandial increase in splanchnic oxygenation and no change in brain oxygenation.
Methods

Study subjects
Premature neonates with postmenstrual age between 32 and 35 6/7 weeks were eligible for the study if they were clinically stable and tolerating full bolus feeds with a total daily amount between 120 and 150 cm 3 kg À1 body weight, without intravenous support. Eligibility for the study also include tolerance of orogastric tube feeding by gravity over a period of 5-10 min given every 3 h, on the day of the study. These criteria were used to control for feeding volume and the amount of time over which the feeding is delivered.
Exclusions from the study were: requirement for any form of cardiovascular support, signs of abdominal distension, infection or necrotizing enterocolitis developing within 1 week before or after enrollment, gastroschisis or congenital diaphragmatic hernia. These exclusion criteria were selected because of concerns over the integrity of splanchnic perfusion following pathological gastrointestinal disorders [21] [22] and because catecholamine administration may reduce perfusion by pathological vasoconstriction. 23 Routine care of the infants was not interrupted. All patients born between March 2006 and May 2007 were enrolled in the study if they met all inclusion criteria and had no exclusion criteria, and if informed consent was obtained from the parent(s) or legal guardian.
Study protocol
All tracings were recorded by a single investigator (VD). We used the NIRO 300 (Hamamatsu Photonics, London, UK) niroscope for data recording. Using this device, near-infrared light is transmitted through the region of interest. The emitter and receiver probes were placed flush against the skin. Two sets of optodes were placed in their carriers on the forehead and abdomen, just below the umbilicus as demonstrated by Fortune et al. 16 Distance between the emitter and the receiver probes was 4 cm. Changes in the signals received from simultaneously recorded four infrared frequencies were used to measure and calculate the proportion of the hemoglobin in oxygenated and reduced states. Thus, the TOI, that is, oxygenated hemoglobin/total hemoglobin, was obtained simultaneously at two locations. For each occasion, the TOI measurements were only recorded if a steady state (defined as a coefficient of variation less than 50%) was reached. The TOI measurement recordings were obtained continuously for 5 min from both the head and abdomen. Preprandial measurements were made at least 3 h after the last feeding. Another recording was obtained for 5 min, 1 h (58-62 min) after the end of feeding because pilot data (not shown) suggested that peak CSOR was observed around 60 min after feeding. Data were transferred by RS232 cable to a personal computer on a comma separated value file, which was converted to a spreadsheet file for data analysis. The average values of TOI for each 5-min tracing (500 measurements) were used for statistical analysis. Those measurements were then combined as a ratio of abdominal TOI over brain TOI to produce a CSOR (TOI abdomen /TOI brain ).
Infants were fed either fortified own mother's breast milk or 24-calories per ounce formula, either Special Care Formula (Abbott Nutritions, Columbus, OH, USA) or Enfamil premature Lipil 24 (Mead-Johnson & Co., Evansville, IN, USA).
Arterial hemoglobin oxygen saturation, measured by pulse oximetry, and vital signs were recorded during the NIRS tracing. NIRS tracings were used only in the absence of bradycardia, apnea or desaturation (<88% saturation).
Sample size and statistical analysis
We used SPSS version 13 (SPSS Inc., Chicago, IL, USA) with an a error of 0.05 and two-tailed tests. Reliability was assessed by the coefficient of variation and by the intraclass correlation coefficient. Intraassay reliability was assessed by the coefficient of variation within 5-min tracings and, for those patients with tracings longer than 15 min, by the intraclass correlation coefficient between three individual segments of 5-min measures of CSOR. Interassay reliability was assessed by the intraclass correlation coefficient between pre-and postprandial measurement of brain TOI, which we expected would not be significantly different from each other.
Continuous variables with Gaussian distribution were analyzed using correlation, and multiple linear regression, and presented as mean ± s.d. Variables without Gaussian distribution were analyzed using Wilcoxon signed rank test (paired values, exact test) or nonparametric correlation (Spearman's r) and presented as median and range.
We used sample power version 2 (SPSS Inc.) to calculate the sample size. On the basis of preliminary data, we determined that we would need 31 cases to have a 90% power to detect a 20% change in CSOR from baseline to postprandial measurement (mean difference 0.14, s.d. of the difference 0.23), with an a error of 0.05 and a two-tailed paired Student's t-test.
Protection of human subjects
The institutional review board of Montefiore Medical Center approved this study. We obtained written, informed consent of the infant's parent(s) or legal guardian before enrolling any patient.
Results
During the duration of the study, 40 patients were eligible, and parental consent was obtained in all patients. Seven patients' recordings were excluded because steady state was not reached. One infant who developed neonatal necrotizing enterocolitis the day after recording was excluded. None of the babies included in the analysis had necrotizing enterocolitis before recruitment, during or after the study. Thus, 32 infants' data were included in the analysis.
Baseline patient characteristics are presented in Table 1 . None of the patients had a patent ductus arteriosus at the time of the recording, and no patients received treatment with indomethacin or dopamine at the time of the study. However, among four babies with a history of indomethacin administration for patent ductus arteriosus, three had required surgical ligation after failure of indomethacin therapy. The median time to full feeds was 7 days (range 1-60 days, interquartile range 5-17.5 days). Seven babies had feeding intolerance leading to delayed establishment of full feeds beyond 30 days. Gastroesophageal reflux disease was noted in 10 (approximately 31%) patients based on clinical symptomatology and treated with metoclopramide. No radiological/pH probe studies were conducted to establish this diagnosis. One baby had recovered from Staphylococcus epidermidis bacteremia earlier during the hospital stay.
In the 5-min tracings used for the main analysis, the average intraassay coefficient of variation of baseline 5-min tracings of CSOR was 17% (range 8-32%, n ¼ 32) and the coefficient of variation of postprandial CSOR was 16% (range 6-31%). Among the seven recordings with tracings greater than 15 min, the intraassay intraclass correlation coefficient for three individual segments of 5-min measures of CSOR was 0.896 (95% confidence interval 0.673-0.979). Corresponding values for splanchnic TOI and brain TOI were, respectively, 0.838 (95% confidence interval 0.533-0.967) and 0.986 (95% confidence interval 0.948-0.997). The interassay intraclass correlation coefficient between pre-and postprandial measurements of brain TOI was 0.817 (95% confidence interval 0.625-0.911, n ¼ 32).
Both baseline (0.71±0.20 (mean±s.d.)) and postprandial (58-62 min postfeeding) CSOR (0.80 ± 0.16) had a normal distribution. Because neither changes in CSOR nor measurements of TOI were normally distributed, we used nonparametric statistics to assess the changes in CSOR and TOI after feeding. Baseline CSOR increased significantly after feeding (Table 2) , whereas oxygen saturation did not change significantly (P ¼ 0.600). The change in CSOR with feeding was associated with a significant increase in splanchnic TOI, without any significant change in brain TOI (Table 2) .
Post hoc analysis showed a significant correlation between preprandial CSOR and body weight at the time of the study (r ¼ 0.427, P ¼ 0.015); this relationship was not significantly affected by intrauterine growth restriction. In contrast, there was no significant correlation between preprandial CSOR and either gestational age (r ¼ À0.061, P ¼ 0.738), postnatal age (r ¼ 0.179, P ¼ 0.328) or postmenstrual age (r ¼ 0.240, Table 2) had only minimal effect on changes in TOI and CSOR.
Discussion
Our study is the first, to the best of our knowledge, to systematically assess the change in CSOR after bolus feeding in preterm infants tolerating full orogastric feeding. Our data indicate that 5-min NIRS recordings can be used to measure CSOR at the bedside without interrupting the routine care of the patient. Preprandial values of CSOR were significantly correlated with body weight at the time of the measurement, but not with gestational age, postnatal age or postmenstrual age. The data in this study show that CSOR increases 1 h after orogastric feeding in stable preterm infants with a postmenstrual age of 32-36 weeks, who tolerate bolus orogastric feedings at the amount of 20 ml kg À1 body weight every 3 h. This change in CSOR results from an increase in splanchnic oxygenation in the absence of any significant change in brain oxygenation. In our study, infants with lower baseline gut oxygenation, which is associated with lower body weight at the time of the study, had the greatest degree of redistribution of tissue oxygenation after feeding. The significance of the changes in CSOR after feeding in preterm infants will need to be determined by additional studies.
The data in our study are in agreement with previous publications. Petros et al., 15 reported one infant with postprandial increase in gastrointestinal blood volume and oxygen delivery to the gut. The changes in splanchnic oxygenation after feeding in our study parallel those previously observed for the liver. 20 The observed postprandial increase in splanchnic tissue oxygenation is expected given the postprandial increase in superior mesenteric artery blood flow velocity observed using Doppler studies. [6] [7] [8] [9] [10] [11] [12] Nevertheless, as we did not obtain simultaneous Doppler data, we could not determine the relationship between blood flow velocity and tissue oxygenation.
There have been theoretical concerns regarding the use of NIRS over the abdomen, primarily related to the path length of the bowel studied, insufficient infrared light traversing to the intestines, and gut movement within the abdomen and peristalsis leading to scattering of infrared light. With advances in signal manipulation, expression of a ratio of oxyhemoglobin to reduced hemoglobin in the tissues is possible, thus a need to know the path length and the problems of movement artifacts have largely been eliminated. 16, 24 Nevertheless, variability of splanchnic TOI was greater than brain TOI in our study as shown by a lower intraassay intraclass correlation.
Median preprandial CSOR obtained on infants in our study was lower than that in control infants reported by Fortune et al. 16 (0.70 vs 0.96). As we observed in our study, a significant positive correlation between preprandial CSOR and body weight at the time of the measurement, the most likely explanation is that the lower value of CSOR in our study may be related to the lower body weight in our patients, 1.8 kg (1.4-3.0) vs 2.4 kg (1.4-3.4) in controls in Fortune's study. The average gestational age in our study was 31 ± 3 weeks (range 26-34) vs 38 weeks (range 29-40) in controls in Fortune's study.
Although interindividual variability in CSOR in our study was large, with a range of 0.36-1.15, the interquartile range 0.59-0.83 was similar to that in Fortune's study, 0.88-1.03. Our data show that large Interindividual variability was in part related to patient heterogeneity in weight at the time of the study. Although we were unable to show any relationship between CSOR and intrauterine growth restriction or postnatal age, our study was not powered for these secondary analyses. A previous study has reported 26, 27 no infant in our study was undergoing phototherapy at the time of the measurement. Our study is limited by lack of serial measurements and lack of power for secondary analyses. As Doppler studies have shown cerebral and mesenteric region-specific changes during the first week of life in very low birth weight infants, 28 we would have expected to find a relationship between preprandial CSOR and postnatal age. As Doppler data 13 have shown that the time to peak velocity after feeding was shorter after breast milk than after formula feeding, it is possible that CSOR values for breast milk may have peaked earlier and that we may have missed a true difference in CSOR values between formula and breast milk. Thus, serial data are needed to assess the relationship between CSOR, gestational age, size for age at birth, weight and postnatal age; and the exact timing of postprandial increase in CSOR in preterm infants.
In conclusion, whereas Doppler testing in splanchnic bed provides a useful tool to evaluate blood flow velocity to the gut, NIRS is suitable for monitoring changes in the tissue oxygenation in the splanchnic region in preterm infants and its changes relative to cerebral circulation after feeding.
As the study was completed, we have obtained pilot data in other infants. An ex-28 week preterm neonate who had an NIRS performed on day of life 35 (postmenstrual age 33 weeks) had a prefeeding CSOR of 1.05 and dropped his postfeeding CSOR to 0.57. The next day the baby developed modified Bell stage IIB NEC, and the CSOR value was 0.3. Four patients (average gestational age, 27.8 ± 2.9 weeks; postmenstrual age, 32.5 ± 2.1 weeks; birth weight, 1052±429 g and weight at the time of the measurement, 1363 ± 470 g) with hemodynamically significant patent ductus arteriosus had baseline (unfed) CSOR values of 0.39±0.06. This low CSOR compared with that in our study (P<0.005, Student's t-test) might be related in part with their low average weight at the time of the measurement (P<0.05).
Splanchnic TOI (or oxygen saturation) is positively correlated with systemic venous saturation and gastric tonometry and negatively correlated with serum lactate in infants following surgery for congenital heart disease. 29 Splanchnic oxygenation, low in patients with hemodynamically significant patent ductus arteriosus, 19 increased after ductus ligation in one patient described by Meier et al. 30 It would be of interest to prospectively and serially study neonates with risk factors for abnormal splanchnic blood flow such as prematurity, hemodynamically significant patent ductus arteriosus, intrauterine growth retardation 31 and to monitor their feeding protocols using NIRS. Furthermore, studies in babies with feeding intolerance are required to determine whether CSOR can be used to differentiate disorders such as NEC, 'CPAP belly' (abdominal distention caused by CPAP overflow into the gastrointestinal tract) or sepsis. In a previously reported study on the use of NIRS in patients with a surgical abdomen, the technique was shown to be highly sensitive and specific in predicting intraabdominal pathology. 16 However, in that study, infants with NEC had a median gestational age that was 10 weeks younger than patients with other disorders and their controls. Feeding decisions, that is, enteral feeds vs bowel rest in patients with abdominal distension and the optimal timing for the initiation or reinitiation of enteral feeding in patients with NEC are very difficult. Studies utilizing niroscopic evaluation of the splanchnic bed may potentially offer important guidance in an area of clinical care where there are unclear recommendations.
